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Abstract

Electrical and optical interconnects are of great interest for photonic
integrated circuits with hybrid platforms. Low loss and wide band are
essential for the development of new technologies in this area. In this thesis,
we present the following original contributions: a methodology for modeling
electrical ceramic interconnects inside an electrooptic polymer packaging, and
a compact low-loss optical interconnect for the silicon-on-insulator platform to
the thin-film polymer on silicon platform.

Key-words: Waveguides, optical interconnects, photonic system packaging,
photonic integrated circuit, integrated photonics.



Resumo

As interconexões ópticas e elétricas são de grande interese na area de
encapsulamento de circuitos integrados híbridos fotônicos. Baixas perdas e
banda larga são necessárias para o desenvolvimento de novas tecnologías na
área. Nesta tese apresentan-se as seguintes contribuições originais: uma
metodologia do modelamento de interconexões elétricas em encapsulamento de
moduladores de polímero eletro-óptico, um dispositivo óptico compacto de
banda larga para interconectar a plataforma de silício sobre isolante com a
plataforma de filmes finos de polímero sobre silício.

Palavras-chave: Guias de onda, interconectividade óptica, empacotamento de
sistemas fotônicos, circuitos integrados fotônicos, fotônica integrada.
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Chapter 1

Introduction

It is undeniable that there is an increasing demand for high data rates not only

for human consumption but, more recently, the high demand for machine-to-machine traffic

has arisen from data-centric applications, sensor networks and the growing penetration of

Internet-of-Things. Fiber optical communications are to enable a cost-effective network

scaling from ultra-long-distance networks, such as submarine, to metro and user networks.

By using wavelength division multiplexing, the optical transport systems are capable of

carrying around 100 optical signals at 200 Gbit/s each, on a 50 GHz optical frequency

grid, for an overall capacity of about 20 Tbit/s on a single optical fiber [1]. To achieve

such rates optical parallelism was introduced. Given that the signal is complex, the field’s

real and imaginary parts can be modulated independently. Another way to further expand

data rates is by modulating different polarizations with individual signal streams, which is

called polarization division multiplexing.

Most of the functioning 100 Gbit/s optical communications systems modulate

four parallel electrical signals at around 30 Gbit/s (25 Gbit/s, plus overhead for forward

error correction) [2]. To enable parallel optical systems it is necessary to extract the

full optical field information at the receiver. Hence, the receiver needed to change from

direct detection of the pulse intensity to coherent detection [2–4] of the optical field to

achieve large distances. However, including coherent detection to a transceiver adds to

the implementation costs, which can be overlooked when working in long-haul, which

encompasses distances between 400 km and 3000 km, and even metropolitan networks

from 40 to 400 km [5], but raises concern when working in near-to-client distances or

data centers applications [6–8], that is, according to the literature, around 100 km on a

single-mode fiber at 1550 nm.

According to Liga et al., next-generation long-haul transceivers will use powerful

forward error correction and high-spectral-efficiency modulation formats (combination

better known as coded modulation). One of the advantages of coded modulation is that

coding gain can be achieved without bandwidth expansion or reduction of data rate [9].

Nonetheless, it affects the overall cost considerably. Moreover, with wavelength-division
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multiplexing and advanced modulation formats, transmission network cost for long-haul

and metropolitan distances is dominated by the transceivers. The rising costs for these

complex transceivers are a fundamental concern for network operators as they are expected

to provide more bandwidth without affecting the final price. For this reason, carriers have

to reduce their price per bit per second while installing more equipment to achieve even

more complex network architectures. When approaching the client side of the network or

working with data center interconnects [10–12], it gets more convenient to increase the

bit rate per lane to deliver newly standardized 100G and 400G applications [13, 14] in

order to use direct detection and rescind the need for coherent detection reducing the

overall cost of the transceiver module. Furthermore, optical parallelism in the form of high-

order modulation formats, such as pulse amplitude modulation or quadrature amplitude

modulation [12,15,16], is enough to achieve such rates efficiently if the integrated active

device responsible for modulating the optical signal has wide band and an a small drive

voltage. A direct solution to these essentials is the improvement of photonic integrated

technology.

Photonic integrated circuits or planar lightwave circuits are devices with several

optical and electrical components [17]. Integrated optics can be defined as the technology

that enables such devices to be manufactured on a wafer/chip scale. Although photonic

monolithic integration complexity has clearly improved in the last few years for instance, in

2013 up to 256 photonic devices were integrated into a single chip for an 8 × 8 wavelength

switch, they are still more expensive than their microelectronic counterparts by several

orders of magnitude [18]. As many laboratories seek to solve this issue by trying to increase

the on-chip integration capacity, the industry of today choses multi-platform integration

systems for complex photonics systems and hybrid combinations of multiple platforms to

create complex photonic integrated circuit assemblies [19]. These platforms, which are

conformed by different materials, provide the hybrid system with specific and specialized

functions such as modulation with III-V materials and electrooptic polymers [20, 21],

amplification, which uses III-V materials [22], lasing [23–25], passive optical devices

fabricated in silicon-on-insulator [26–28], among many others.

Organic electrooptic materials have been recently used for a variety of devices

ranging from hybrid silicon platforms [29–31] to polymer on silicon thin-film platforms [32,

33]. The latter device configuration allows for low-contrast high-performance electrooptic

modulators which have demonstrated to be very reliable. Reliability studies of the

electrooptic polymers in photostability [34], thermostability [32, 35, 36], environmental

stress [37], high control of molecule mobility and steric hindrance [38]. These studies point

towards the trustworthiness of electrooptic polymer modulators for high-speed wide-band

applications in data-centers covering distances greater than 100 km with above 100G

speeds as demonstrated in [12,39–41]. Furthermore, electrooptic polymer modulators have

very low voltage driving when compared with III-V modulators, such as lithium niobate,



20

for high-speed applications with 40GHz [42] and up to 100 Gbps at chip level as seen

in [33,43] which reduces the operating energy of the transmitter even more. Commercial

packaging for electrooptic polymer modulators has been developed and has proven to work

adequately for long-reach data center applications with a 50 GHz bandwidth which is

suitable for 100 G-per-wavelength in pulse amplitude modulation at 56 Gb achieving a

transmission over 140 km [12].

As the complexity of hybrid photonic systems increases, the need for stan-

dardization of the packaging assembly becomes very relevant prompting international

institutions such as the IEEE (Institute of Electrical and Electronics Engineers) and the

OIF (Optical Inter-networking Forum) to release documentation on assembly recommen-

dations and general requirements for the industry. Every packaging design as a system

has to fulfill these recommendations as an expected minimum.

Photonic integrated circuits packaging general needs are driven by three pillars

according to (OFC-2017-SC450-PIC) [44]:

• The status of the product development: Practicability, fabrication capacity, proto-

typing and series production.

• High-performance interfaces: Optical interfaces or interconnections, electrical inter-

faces or interconnections, mechanical interfaces.

• Field of application: Telecommunications, Datacom, Microwave Photonics, Biological

Science, Metrology.

According to the recommendations above, hybrid-platform photonic integrated

circuits need to have personalized packaging design methodology before stepping into mass

production. Since no standardization is found in the literature for electrooptic polymer

modulator based transmitters packaging, this work proposes a methodology to design

interfaces for transmitter modules which integrate light source and passive circuitry besides

the electrooptic polymer modulator chip, namely widely used silicon-on-insulator, III-V

material platform for active light source devices and single mode fiber interfaces.

1.1 Scope of this Thesis

This work’s scope includes the electrical and optical interfaces for the packaging

design of a polymer modulator based transmitter hybrid integrated circuit device. The

status of the product development that will be addressed in chapters 3 to 5 is that of

feasibility, practicability and personalization of the interfaces which leads us to mass

production-ready designs.

The high-performance interfaces addressed in this work are optical interfaces,

referring to optical interconnection devices in the 1550 nm window, and electrical interfaces,







23

Chapter 4 shows the simulation criteria and characterization of wide-band and

low-loss transmission lines interconnects for a thin-film polymer on silicon transmitter

optical sub-assembly.

Chapter 5 proposes an optical interconnect for packaging applications. An

inter-platform mode converter taper. This device will effectively transport light from

silicon-on-insulator platform into a polymer or platform.

Finally, chapter 6 summarizes the achievements and contributions of this thesis.
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Chapter 2

Background

In this chapter we will discuss some theoretical background to support and

further understand the following chapters.

A brief revision of an optical communications system is presented, which will

address of this thesis. Some background in radio frequency (RF) and optical frequencies

interconnects in a transmitter packaging for electrooptical polymer modulators is also pre-

sented. The principle of functioning, electrooptic band and drive voltage of an electrooptic

polymer modulator are also described.

2.1 Optical Communication System

A high-level architecture of a simple communication system consists roughly of

a transmitter, which codes the message and sends it through a medium or channel, and a

receiver, which decodes the message, as depicted in Figure 2.1. The message is converted

to symbols and they travel through the medium in the form of electromagnetic waves. At

the final end, in the receiver, electromagnetic symbols are demodulated and the message

is decoded.

Modulator

Message

Detector Demodulator
Source Message

Transmitter Receiver

Figure 2.1: General block diagram of a communications system.

Optical communication systems are the backbone in telecommunications due to
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their great channel capacity and the efforts that are put into increasing that asset [15,47–50].

Transmitter and receiver subsystems are commonly packaged into compact modules that

are called transmitter or receiver optical sub-assemblies.

2.2 Transmitter optical sub-assembly

A Transmitter Optical Sub-Assembly (TOSA) most basically consists of the

electrooptic (EO) modulator, interconnection circuitry, laser diode, optical interface,

monitor photodiode. These devices could also include the appropriate electrical termination

of modulator. The assemblies are all packed into a metallic or plastic housing for mechanical

support. Its main function is to convert electrical signal to optical signal [51].

The demand for this high throughputs, very low cost and low power data

transmission for short-reach metro networks and inter-data center interconnects, which

are around a single hundred of kilometers distance, raises new challenges to the optical

communication technology, specifically to the physical layer. Although some works justify

the use of digital signal processing (DSP) for such short-reach with the fact that wide-band

components beyond 35 GHz are still under development and therefore are expensive.

In [52], Sadot et al. used a simple DSP to achieve 112 Gb/s on a single channel using

pulse amplitude modulation (PAM4) at 56 Gbaud for short-reach (500 m to 10 km)

data center intra-connection and long-reach (80 km) data center interconnection. The

experiment included various commercial TOSA which incorporate electroabsorption and

Mach-Zhender modulators with an approximate analog bandwidth (measured at 10 GHz)

of 15 GHz. Nonetheless, electrooptic polymer technology [38] offers a reliable alternative for

wide-band Mach-Zhender modulators (MZM). Long-reach data center applications of these

modulators were presented in [12] with 100 G PAM4 at 56 GBd over up to 140 km with a

bit error rate of 3.8 × 10−3 in the C-band (40×100-GHz). For this purpose the authors

used a thin-film-polymer-on-silicon (TFPS) MZM with an electrooptical bandwidth of 50

GHz with a commercial packaging which only includes the TFPS die which will be the

only channel that was put into test. In this regard, the integration of more passive and

active elements inside the TOSA packaging could enable us to perform multi-channel tests

and subsequently prototypes and products for high speed demands.

Let us divide the study of the interconnections required inside a TOSA into

electrical and optical sub-assemblies as introduced in section 1.1.

2.2.1 Electrical Interconnects

The tiny dimensions that a TOSA aims to reach make wire bonding an ac-

ceptable way for the electrical interfaces to interconnect [51] in a modular way and could

potentially make it possible to interchange pieces of ceramic for personalized dies with low
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loss.

Also, for application purposes, flex circuitry could be added to interconnect the

electrical path inside a TOSA to a PCB circuitry that includes the driving currents, carries

the RF signal and could also have its own standalone controller for common applications

such as data links [19].

One of the goals of this work is to present a TOSA assembly complete with RF

and laser-to-chip interconnections. This project was realized in the scope of a BrPhoron-

ics/CPqD/Gigoptix coalition to massively produce the TFPS polymer modulator TOSAs

working at 100gb/s [53]. Several improvements were developed, in particular, the proposal

of a new version of the modulation device, including major bandwidth improvement, even

smaller footprint, better RF design for minimal losses that we will attack in two fronts:

the MZM electrode and the TOSA package.

Figure 2.2(a) shows the Gigoptix DP-QPSK die used in the previous TOSA

design. The cross section (see section 2.2(b)) of one arm of the MZM shows the EO polymer

waveguide core surrounded by low refractive index contrast cladding. The RF contacts

and bond pads are fabricated in gold, maximizing the conductivity and minimizing the

RF loss. This thin film structure is seated on a silicon substrate for better mechanical

resistance. Further characteristics of this device are shown in Table 2.1.

Parameters Typical Values Units Conditions
Data input voltage +/-3 Vpp 25 Gbps
DC Bias Current 0 - 90 mA
Optical input power 20 mW
RF AC coupled
Wavelength 1528 - 1590 nm
Optical Insertion Loss 9.0 dB
Chrip -0.2 - +0.2 dB
Electro-optical bandwidth 28 GHz -3 dB
Electrical return loss -10 dB below 25 GHz
Drive voltage (Vπ) 2.2 V
∆Vπ 0.2 V
Chip area 3.2×25.7 mm2

Table 2.1: Operating characteristics according to Gigoptix.

It is important to note that the polymers used in Fig. 2.2(b) can be easily

deposited over almost any surface, and they are highly compatible with common CMOS

process etching, allowing for an easy waveguide fabrication. Also its large dimensions

make it possible to fabricate in up to 4µm transistor channel technology.

Transmitter and receiver optical sub-assemblies modules are the core elements

to transform electrical signal into optical and vice-versa, respectively. Many works seek to

minimize their size and improve their performance, which is currently measured by electro-

optical band and total energy used in the system. Advances towards mass production
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passive circuitry [71–74] to manipulate light in the infrared, for instance C band (1530 -

1565 nm), as silicon is transparent in this wavelength range and its high refractive index

(3.476@1550 nm) is high enough to allow an small footprint. However, when working with

electrooptic polymer modulators a large mismatch of waveguide dimensions occurs. In this

scenario, optical interconnects become fundamental. More specifically, the interconnection

between the electrooptical polymer chip and the SoI platform will be further developed in

Chapter 4.

2.3 Optical modulators

The first idea of optical modulation was based in controlling the laser drive

current to change the intensity of the emitted optical wave. This kind was named direct

modulation. Due to the envision of a crescent demand of higher bit rates, in the 1980s

researchers migrated from direct modulation to external modulation in hopes of suppressing

the effects that the latter technique caused; among them, the relaxation oscillation and

frequency chirping as a result of the direct ignition and quenching of the laser. The

wide bandwidth and low chirp that can be achieved with external modulation made it an

attractive option [20].

External modulation can be achieved successfully by two main methods: mod-

ulation by absorption and modulation by interference. EAM stands for Electroabsorption

modulator [75] and MZM for Mach-Zehnder Modulator.

A Mach-Zehnder modulator is based on the electro optical phase modulation

principle. Electro optical phase modulation is based on different electro-optic materials

that permit the modulated optical phase to be a linear function of the electrical drive

excitation (voltage or current). An important parameter that characterizes this kind of

modulators is the Vπ, that is the required drive voltage to generate a π phase shift [76]. In

addition to that effect, MZMs also use optical interference as the name suggests. Splitting

the light into two arms, and using the phase modulation principle in one or two of their

branches, it adds the amplitude modulation to the phase modulation if the two arms

are recombined by another interference generating structure [5]. The output signal is as

follows [20]:

Eo(t) = Ei
1

2
{ejπV1(t)/Vπ + ejπV2(t)/Vπ} = Eie

jπ[V1(t)+V2(t)]/(2Vπ)cos

[

π

(

V1(t) − V2(t)

2Vπ

)]

(2.1)

where Ei is the electric field at the input , Eo is the electric field at the output and the two

potentials V1,2 are placed as depicted in Fig. 2.6. Assuming that the phase modulation

depends on the drive voltage linearly. It can be noticed that the modulated output signal

has two characteristics: first the amplitude is a sinusoidal function of ∆V (t) = V1(t)−V2(t),
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which leads us to

Eo = Ei cos

[

π

2

∆V (t)

Vπ

]

(2.2)

Hence, when applying data and inverted data (see Fig. 2.8(b)), the optical

output will be chirp free, if we change the amplitudes of the driving signals the chirp can

be adjusted. The benefit of a push-pull modulator when compared to a single electrode

modulator is that it enables lower driving voltages in each arm. The drawback resides in

the fact that fine matching is needed and it gets challenging to quantify the chirp of such

a configuration [77].

To achieve phase modulation of light with an RF signal on a single optical

waveguide, the material has to present electrooptic properties. The most common of them

is the linear electrooptic effect, which is also known as the Pockels effect.

2.3.1 Pockels effect

The electro-optic materials that make possible an EO modulation exhibit the

Pockels effect, which is a linear electrooptic effect. The refractive index variation depends

linearly according to: ∆n = 1
2
rn3E, where r is the linear electrooptic constant, n is the

refractive index. Lithium niobate exhibits a natural Pockels effect, while crystals like

Silicon do not, but it can be induced by stress [78]. Recently developed poled chromophore

polymers also exhibit high electrooptic Pockels constants (r) [79].

The linear variation of the refractive index with the electric field allows for a

better control of MZM. The Pockels effect strongly depends on crystal orientation and, in

the case of the chromophore polymers it depends on the polarization of molecules called

chromophore [34].

2.3.2 RF electrode

The driving RF signal has to be correctly applied to the MZ structure. One

way to accurately calculate the effects by RF in the MZM is to use the traveling wave

electrode (TWE) design to model the electrode. As discussed above the modulation results

from the interaction between electrical and optical signals. In order to achieve higher

bandwidth, the signals in the electrode and the optical waveguide have to travel in the

same direction.

If we take the modulated signal described in eq 2.1 and rewrite it so that it

propagates along the Z direction with a pulse shape for we have;

Eo(t, z) = Ei
1

2
ej(ω1+ω2)t−jβz + ej[(ω1−ω2)t−βz]

where β is the propagation constant, ω1,2 are the angular frequency. But the propagation

constant is actually dependent on frequency. It is not the same for both ω1 and ω2.
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The variation of the propagation constant with the angular frequency is known as group

velocity ve = ∂β/∂ω, where ve is the velocity of the envelope (RF signal). On the other

hand, the group velocity of the waveguide vo is material and wavelength dependent. The

group velocity and the RF velocity have to be matched vo = ve to avoid phase mismatch,

especially when operating in pure phase modulation. The quality of the modulated signal

depends on the modulation depth, which is also strongly dependent of the matching

velocities.

It is important to consider the impedance matching to avoid counterpropagant

waves in the RF lines. The source impedance is usually set at 50Ω, the ZL line impedance

and the device’s impedance are to be considered for the impedance matching.

2.3.3 Silicon modulator

Up until now we can conclude that Mach-Zehnder modulators fabrication limits

us to the use of high EO linear coeficient materials. Today, industry widely uses LiNbO3

MZM for 40Gb/s modulation, but bit rates up to 100Gb/s have been demonstrated [80].

LiNbO3 technology produces a highly linear electro-optic constant and thus low Vπ (up to

2V). However the large footprint that this technology produces makes it inviable for future

technology roadmaps. This made researchers focus also in III-V, that already showed bit

rates up to 80Gb/s [81]. Additionally, III-V modulators can be integrated monolithically

with a laser.

Silicon is an abundant material, it has high mechanical strength and a high

quality oxide (SiO2). The oxide along with a silicon core makes a high contrast refractive

index waveguide. Such tiny dimensions cannot be achieved by III-V materials.

In terms of electro-optical modulators, Si is a weak electro-optic material. Its

crystal nature makes it impossible to exhibit any linear electrooptic effect, like the Pockels

effect [20] in LiNbO3. Some efforts in changing the refraction index by introducing strain

in Si by Si3N4 made possible a Pockels effect, but for small cross sections dimensions the

strained Silicon offers high nonlinearities [78].

On the other hand the silicon waveguide allows the carrier depletion or plasma

effect (movement of carriers along the cross section of the waveguide). Free carriers

alter the real and imaginary parts of the Silicon dielectric constant, thus we have the

electrooptic effect required. Although this method exhibit additional nonlinearities due to

the carrier-depletion effect in Si, which is not found in lithium niobate modulators, there

are significant efforts to compensate this undesired effect [21].

2.3.4 TFPS modulator

Silicon modulators are the most attractive solution for monolithic integration

purposes. Although many breakthroughs and advances have been developed [82] such
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Parameter Requirement Notes
EO coefficient r33 > 80pm/V For low Vπ modulators
Optical loss < 3dBm/cm at 1300-1550nm
Refractive index similar to the RF freq. low enough to ensure low

coupling loss
Operating tem-
perature

-5 ◦C to 75 ◦C

Process photolithography and
plasma etch

Cost relatively low
Repeteability high

Table 2.2: Commercial requirements for electro-optic polymers.
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3.1 Optical waveguide design

3.1.1 Materials

Silicon is one of the most abundant elements in planet Earth and the Silicon-on-

insulator platform is widely used as high confinement and integration platform. However,

there are still challenges to overcome the low modulation efficiency achieved in Mach-

Zehnder modulator devices. Nonetheless, these problems don’t make it less attractive for

future monolithic integration of optical transceivers for inter and intra chip networks as

many passive transmitter optical circuits are very efficient and well characterized in SoI

platform. On the other hand, III-V semiconductors are, in today’s electrooptic industry,

the most important materials. Lasers, modulators, photo-detectors and many other devices

are massively produced because of the availability of indium and gallium arsenide and

indium gallium arsenide phosphide are grown as epitaxial layers on top of wafer surfaces.

Polymeric materials are frequently used in optical communications based on

the fact that it is possible to transform them into adequate electrooptic materials to

achieve high modulation efficiency and they can be compatible with a vast number of other

transparent polymeric materials in the near-infrared. Although, there are some integration

problems with the TFPS platform when interconnecting with other platforms such as

SoI and III-V inside a transmitter subassembly environment, they can be overcome if we

design adequate out-of-chip interconnection. More details in this matter will be discussed

in chapter 5.

The polymers that were used to fabricate a polymer electrooptic modulator

are detailed in Table 3.1. Let us define the active material of the TFPS platform the

guest chromophore in an amorphous polycarbonate host. The response of the B74-APC

to reactive-ion etching is poor compared with that of a fully cured substance, such as that

used in the claddings [95]. The solution adopted for this problem is to invert the rib (see

Fig. 3.2) and pattern the lower cladding, obviating the need to process the active core

layer.

UV15LV is a commercial polymer with very good adherence to many metals

and great for its insulating properties. It provides good stability when cured with UV

light and additional heat curing can be added to stabilize even more the structure [96].

LP33ND is chosen to confine the TM mode inside the B74-APC poled region,

because of its low refractive index and low loss.

Electrooptic polymer

The electrooptic effect can be induced into a polymer is material using po-

larization sensitive molecules called chromophores. They are prepared in liquid format

and then spun into a substrate like silicon, glass or other polymers, then cured to form
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Material Refractive Index (n) Loss [dB/m] Layer
LP33Nd 1.388 2 Upper cladding
B74-APC poled 1.734 1.2 Waveguide core (Ac-

tive Region)
B74-APC unpoled 1.67 1.2 Waveguide core
UV15LV 1.505 3 Lower cladding

Table 3.1: Optical properties of the TFPS modulator materials from [97]. Properties
measured at 1550 nm.

Silicon

hgoldGold

huvUV15LV

hapc
B74-
APC

hlpLP33ND

LM hlm

hc
wc

he

we

Gold

poled
region

Figure 3.2: Cross section of the active section of the TFPS Mach-Zehnder modulator.

firm thin films [20]. There are three kind of Chromophore-polymer systems: guest-host,

side-chain, cross-linkable. They are different in the relation between the chromophore

and the host polymer matrix. Side-chain and cross-linkable EO polymer chromophores

have direct bonds to the host polymer, while the guest-host system has free chromophore

molecules inside a polymer substrate, which increases the poling efficiency. As our aim

is to increase the performance of our modulator, it is important that we maximize the

efficiency of the poling process to achieve a high EO constant (r33). However, the other

two systems offer better thermal stability [96,97].

Thermal stability

Amorphous polycarbonate (APC) was chosen as the host material because

of its low optical loss and high glass transition temperature (Tg), at which it’s physical

properties go from glass to a rubbery-like [98]. Thermal stability is strongly linked to the

final Tg of the material.

First studies in thermal stability [89] show that after poling process, high EO

constant (r33) values were achieved (up to 263 pm/V at 1.33 µm) and thermal stability of



40

500 h at 85◦C. New studies make us hope for better chromophore and compound materials

with higher thermal stabilities and EO constants, as shown in [99], with Tg = 120◦C and

r33 up to 283 pm/V.

Loss

Materials of the TFPS modulator are distributed as seen in Figure 3.2. Note

the poled region. The only material affected by the poling process is the B74-APC. After

this process, chromophore guests are aligned inside the APC host, which causes optical

properties to change according to Table 3.1. Based on this table we can define the insertion

loss as:

ILtfps = 2 · αsp + αωg · L (3.1)

where L is the active modulation length, αsp is the splitter loss, αωg is the passive waveguide

loss.

3.1.2 Modal analysis

Waveguide structure consists of an EO polymer inverted rib core with passive

polymer upper and lower cladding.

To define the core’s inverted rib geometry in Figure 3.2 an etching process

in the UV15LV polymer deep enough to confine the mode horizontally was performed

and the electrooptic polymer (blue) is spin-coated on top. Cladding material is LP33ND.

Furthermore, a layer can be added for microstrip transmission line velocity matching

purposes. Core dimensions (wc and hc) impact a trade-off between vπ and insertion loss.

Let us consider first the following values of the geometry variables in Fig.

3.2: hapc = 2.5µm, hc = 1µm, wc = 3.8µm, hlp = 1.5µm, huv = 2.5µm, he = 5.75µm,

we = 12µm, hlm = 30µm. We can get the imaginary part from the refractive index

equation (ṅ = n + ik) by taking the information in table 3.1 and using:

k =
OL · λ0

20 (2π) log e
(3.2)

where OL is the optical loss in dB/m, λ0 is the wavelength in the vacuum. With this

information we calculated the effective index of the first TM mode: neff = 1.7179 with

1.33dB/cm loss (see Fig. 3.3). Using Comsol Multiphysics 5.2 [100] finite-element solver

on a 32 µm × 21 µm computational domain and 35120 mesh cells, modal analysis was

performed. The modal dispersion in Figure 3.4 shows that TE and TM modes are close

together. TM modes are chosen for better interaction with the electric field of the RF

signal, which is a microstrip transmission line and will be further discussed in section 3.2.

Sweeping of huv, hlp, hc values were performed to improve the waveguide losses
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huv [µm] hlp [µm] hc [µm] αwg [dB/cm]
2.4 1.2, 1.3, 1.4 1 1.3364
2.5 1.2, 1.3, 1.4 1 1.3306
2.6 1.2, 1.3, 1.4 1 1.3278
2.4 1.2, 1.3, 1.4 1.1 1.3449
2.5 1.2, 1.3, 1.4 1.1 1.3346
2.6 1.2, 1.3, 1.4 1.1 1.3294
2.4 1.2, 1.3, 1.4 1.2 1.3611
2.5 1.2, 1.3, 1.4 1.2 1.3424
2.6 1.2, 1.3, 1.4 1.2 1.333

Table 3.2: Variations of huv, hlp, hc λ0 = 1.55 µm.

Waveguide loss

Losses are linked to the total length of the device. As the EO polymer modulator

has a Mach-Zehnder architecture, to achieve a π phase shifting a 9 mm active length is

needed and the waveguide is designed to be 14.5 mm long. Optical insertion loss is around

3.1 dB.

3.2 Electrode design

While commercial semiconductor modulators use coplanar transmission line to

feed the PN junction and waveguide, EO polymer modulator uses microstrip transmission

line for better interaction with the TM mode of the polymer waveguide.

Electrode losses greatly impact on the EO response of the modulator. As

a higher electrooptic constant contributes to smaller modulator footprint (smaller Lπ),

smaller dimensions also contribute to control the electrode loss.

Material characterization in the frequency range between 0.04 GHz and 65

GHz is presented in figure 3.5. If we consider an electric field of the form ~E = E0e
jωt,

permittivity is defined as the complex value

ǫ̂(ω) = ǫ′(ω) + jǫ′′(ω) (3.3)

ǫ̂(ω) = ǫ′r(ω)ǫ0 + j
σ(ω)

ω
(3.4)

where ǫ0 is the permittivity in the vacuum in eq. 3.4. Electrical conductivity (σ) of metals

are listed in Table 3.3. In case of bottom (Au film) or top (Au trace) electrodes, we set

and electrical conductivity of 4 × 107 S/m or 3.3 × 107 S/m, respectively.

The entire electric path, as modeled in Figure 3.6, is shown in Figure 3.7.

Let us divide the TFPS modulator electrode design section into three basic

steps according to Figure 3.6, where one can identify the electrical input and output
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(a) Real part of complex relative permittivity.

(b) imaginary part of complex permittivity.

Figure 3.5: Dispersion of the polymer materials from 0.04 GHz to 65 GHz.

Component Parameter Value[µm] ǫ′r σ [S/m] ǫ′′
Si Thickness 20 11.9 - -
Au Film Thickness 1 - 4 × 107 -
UV15LV Thickness 2.5 Fig. 3.5(a) - Fig. 3.5(b)
B74-APC slab Thickness 2.1 Fig. 3.5(a) Fig. 3.5(b)
LP33ND Thickness 1.5 Fig. 3.5(a) - Fig. 3.5(b)
LM Thickness 7.75 Fig. 3.5(a) - -
Au Trace Width/ Thickness 12 / 5.75 - 3 × 107 -
Wg.Core Width / Thickness 3.8 / 1 Fig. 3.5(a) -

Table 3.3: Material characteristics of the TFPS modulator.

INPUT PADS TERMINATION PADS

LIGHT IN LIGHT OUTACTIVE REGIONMS BEND

Figure 3.6: Single MZ device diagram showing light and electric signal paths in a TFPS
modulator.
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LAUNCH CPW µSTRIP BEND ACTIVE µSTRIP BEND TERM. CPW Rterminator

Figure 3.7: Electric signal path of the whole system. Including TOSA carrier, TOSA and
Modulator electrode.

coplanar waveguide terminals, transitions from CPW transmission line to microstrip,

microstrip bendings and microstrip line paths, and active region, where optical modulation

occurs.

Active Region

Modal simulation of the active region cross-section uses the geometry described

in Figure 3.2. Dimensions are according to the geometry information in Table 3.3.

Electric field components of the microstrip transmission line are detailed in

Figure 3.8. QTEM mode is identified as having veru small Z components in comparison

to X and Y components of the electric (see Fig. 3.8(c)) or magnetic (see Fig. 3.8(d))

field travel in the Z direction [101]. Power flow magnitude is highly concentrated between

the electrodes, which have approximately 6.3 µm of separation between the two (see Fig.

3.8(f)).

(a) Ex field (b) Ey field. (c) Ez field.

(d) Hz field. (e) E field magnitude. (f) Power in dB.

Figure 3.8: Modal analysis of the Microstrip line in one of the active arms of the TFPS
modulator.

From the modal study, we calculated the line impedance (Zline), effective
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permittivity (ǫeff ) and Loss constant (α), which are shown in Figure 3.9.

We calculated the s-parameters for various straight active region lengths Lactive

as shown in Figure 3.10. For the LX8242 Gigoptix modulator (Lactive = 9 mm) we got

insertion loss of −3 dB at 17 GHz from Fig. 3.10(a) and return loss is less than −25 dB.

(a) Line Impedance (b) Effective Refractive Index.

(c) Loss in dB per cm.

Figure 3.9: Modal analysis results of the polymer microstrip QTEM mode.

Microstrip bending

To minimize the footprint, it is important to design the smallest possible bend

transmission line (see Fig. 3.6) without limiting the electric band. As the mode is converted

from a coplanar waveguide (CPW) mode to a microstrip (MS) mode, the bending has the

geometry of a MS and is depicted in Figure 3.11(a).

The material setup corresponds to the transversal section shown in Figure

3.1, minus the polymer waveguide core, as there is no poled region before reaching the

active section of the TFPS modulator. Thus, B74-APC materials is unpoled and only a

hapc = 2.5µm slab.
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Figure 3.12(a) shows losses due to various bending radii. When Rb = 100µm

(see Fig. 3.11(b)) the loss is less than 0.15dB at f = 65GHz, when Rb decreases the band

drops more significantly towards higher frequencies as part of the power is radiated from

the TL due to the abrupt change in the propagation direction (compare Fig. 3.11(d) with

Fig. 3.11(e)).

(a) Insertion loss in dB. (b) Return loss in dB.

Figure 3.12: S-parameters of the bending microstrip in the TFPS modulator technology.

CPW to Microtrip mode converter

Direct probe feeding (50Ω) and measuring of the electric paths of our chip is

done through a coplanar waveguide structure. Whilst the active region is a microstrip

transmission line, a low-loss compact converter from a QTEM mode propagating in a

CPW to a QTEM in a microstrip (3.3(d)) is required to improve the electric band of the

system.

Figure 3.13 shows a quadrature configuration input. There are four ports and

each of them consists of a coplanar waveguide at the input that is adiabatically converted

to a microstrip geometry along z direction. Yellow color represents top gold layers and

orange colors represent bottom gold layer. Bottom and top gold layers suffer an adiabatic

variation until the bottom layer turns into an uniform film (see Fig. 3.14) and the top gold

layer turns into a microstrip trace. Both metallic layers are interconnected by epoxy-filled

vias. Velocity matching layer is only deposited on top of the microstrip line.

The four adjacent coplanar transmission lines in Figure 3.13 work as input

ports for each electric path on top of each Mach-Zehnder modulator arm (a single MZ is

depicted in 3.6), each arm has its own electrical microstrip path. A single transition from

coplanar to microstrip corresponding to a single MZ arm will be analyzed. The electric

field distribution is shown in Figure 3.15(a). The power flow depicted in Figure 3.15(b)

clearly shows the conversion from a super mode QTEM in a CPW into two segments to a
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If the length to achieve a half-wave phase shift on our modulator were 9 mm

as in the Gigoptix/BrPhotonics commercial modulator LX8242, the RF signal loss would

be governed mainly by the insertion loss of the active region (shown in Fig. 3.10(a)). The

total loss of the RF path can be obtained by cascading the scattering parameters of each

simulation block. The result of this cascading is 15.7 GHz at −3 dB from the coplanar

input to the end of the active region.

3.3 Electrooptical properties

3.3.1 Half-wave Voltage (Vπ)

To achieve intensity or phase modulation on a Mach-Zehnder architecture, an

amount of voltage enough to shift one arm half-wave (or π phase) is needed. The half-wave

voltage value is given by [20]:

Vπ =
λ0

2ΓL
(3.5)

where Γ is the overlap integral between optical and electrical transversal electric fields:

Γ =
1

V0

∫ ∫ 1

2
n2

effr33,tEm,t |Eo,t|
2

∫ ∫

|Eo,t|
2 (3.6)

where neff is the effective refractive index, r33 is the electrooptic constant in pm/V. Also

note that in the overlap integral expression we use Eo as transversal optical electric field

and Em, transversal RF electrical field.

Optical and RF field simulations were obtained using a two-dimensional cross-

section in Comsol Multiphysics 5.2 and the results were processed from the sections above.

By using r33 = 82 pm/V and an active region of 9 mm we obtained a theoretical value for

the half-wave voltage: Vπ = 2.3 V.

3.3.2 Electrooptic bandwidth

The electrooptic bandwidth is measured at the 70.7% of the electric field

amplitude maximum value (−3 dB). Let us consider a phase modulation on a single

Mach-Zehnder polymer modulator. The electric field at the output is given by

Eout(t) = Ein(t)ej∆φm(t), (3.7)
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Figure 3.17: Electrooptic response of the 9mm MZ polymer modulator.

where Ein and Eout are the input and output optical electric field, respectively. The phase

deviation is given by ∆φ and m(fm) is the electrooptic response function [102].

m(fm) = e−αm(fm)L/2

√

√

√

√

sinh2(αmL/2) + sinh2(kmδL/2)

(αmL/2)2 + (kδL/2)2
(3.8)

where km = (2πnm)/λm is the wave number, δ = 1 − n0/nm is the relative index mismatch

between RF effective index (nm) and optical effective index (n0), L is length and αm is

the RF attenuation constant.

Figure 3.17 shows the electrooptical transmission as a function of frequency of

a 9mm arm MZ polymer modulator. The −3 dB level is at 31.5 GHz with respect to the

response at 1 GHz.

3.4 Bias circuits

To achieve two types of modulation, say phase and intensity, on a single MZ

structure, one of the arms of the MZ interferometer should be phase shifted. This condition

can be achieved by elongating only one arm or by using bias circuits that introduce a

thermal effect that inserts a phase shift.

Bias circuits are designed to introduce a πrad phase shift between the arms of

the Mach-Zehnder structure.

Electro-thermal and thermo-optical effects will allow us to calculate the required

power to achieve a π rad phase deviation between two arms of the MZ polymer modulators.

Figure 3.18 shows the phase shift in the two arms. The arm that has the
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LIGHT IN LIGHT OUTACTIVE REGION

HEATER

Lh

I0 I0

φ + ∆φc

φ + ∆φi

Figure 3.18: Bias circuit (heater) on a MZ polymer modulator.

electrode (heater) shifts φ+∆φc while the other arm has an interference phase shift φ+∆φi

due to the temperature rise. The actual phase shift between arms is ∆φh = ∆φc − ∆φi.

The aim of this section is to find the length Lh that makes ∆φh = π.

3.4.1 Thermo-optic effect

The heat transfer model is defined by an elliptic partial differential equation

for the temperature T :

ρC
∂T

∂t
+ ∇ · −→q = Q

−→q = −κ∇T
(3.9)

where −→q is the conductive heat flux, ρ is the material’s density, Q is a heat source, C is

the specific heat capacity and κ is the thermal conductivity.

Dirichlet boundary conditions imposed to the model include T = T0 which is

the temperature induced by the electric current in the transversal section of the heater

(see Fig. 3.19) and the ambient temperature T1 = 293.15 K at the bottom of the structure.

Silicon substrate is 625µm thick. All other boundaries are considered Neumann conditions

(−~n · ~q = 0) which are considered as outflowing or open boundaries.

Polymer stack’s heat capacity is 1200 J/(Kg.K), silicon heat capacity is 700

J/(kg.K) and is 1005 J/(Kg.K). Thermal conductivity of the polymer stack is 0.15 W/(m.K),

silicon is 124 W/(m.K) which can be addressed as the system’s heat-sink. Polymers’ density

is around 1200 kg/m3 and silicon’s is 2329 kg/m3.

To find T0, we must first consider the thermo-optical effect that is governed by

the thermo-optic coefficient, which gives a refractive index that is temperature dependent:

n(T ) = n0 +
dn

dT
∆T , where n0 is the refractive index of each polymer layer at 293.15

K, ∆T is the variation from this temperature and
dn

dT
= 1 × 10−4 is the thermo-optic

coefficient of the polymer stack shown in Fig. 3.20 [103].

Temperature distribution is depicted in Figure 3.20. The required electrode
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Silicon

hgoldGold

huvUV15LV

hapc

unpoled
B74-
APC

hlpLP33ND

hc
wc

he

we

Gold

Polymer
Stack
∼ 6µm

Air

T = T0

T = T1

Figure 3.19: Simulation environment of the thermo-optical effect. The polymer stack is
represented as a thermal unit with the same Thermal coefficient.

Figure 3.20: Heat distribution of T (surface) and first TM mode’s electric field distribution
of the non poled polymer waveguide (contour). Axis units are meters.
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temperature (T0) to get an accumulated phase shift ∆φc = πrad is detailed in Table 3.4.

Note that the accumulated phase shift was calculated over the heater length Lh = 1600 for

this stage of analysis. Accumulated Phase is ∆φc ∼ π when T0 = 303.75 K. For this value,

from the numerical calculations that led to Figure 3.21, we calculated the phase shift

interference on the second MZ arm ∆φi = 0.23rad (distances between MZ arms is 50µm).

Total accumulated phase shift is ∆φh = 2.911rad. Figure 3.22 shows the accumulated

phase as a function of temperature. Note that the numerical simulation was performed by

keeping the distance between arms constant (see fig. 3.18). Non-linearities may be found

if the heater electrode length is placed on the bending waveguide towards the MZ end.

Figure 3.21: Heat distribution of T (surface) and first TM mode;s electric field distribution
of the opposite MZ arm polymer waveguide (contour). Axis units are meters.

T0 (K)
Prop. const.
β (106rad/m)

Phase (rad) ∆φc(rad) Av. T (K) ∆T [K]

293.15 6.70520 11097.1060 0 293.150 0
295.8 6.70570 11097.9335 0.8275 294.320 1.170
298.45 6.70610 11098.5955 1.4895 295.500 2.350
301.1 6.70660 11099.4230 2.3170 296.670 3.520
303.75 6.70710 11100.2505 3.1445 297.840 4.690
306.4 6.70760 11101.0780 3.9720 299.010 5.860

Table 3.4: Accumulated phase shift over Lh in one of the arms of the MZ polymer
modulator. (λ = 1550 nm).
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Figure 3.22: Accumulated phase shift induced by the thermo-optical effect in the polymer
modulator chip. ∆φc corresponds to the set up in Figure 3.20 and ∆φi to Figure 3.21.
∆φh = ∆φc − ∆φi is the real phase shift between MZ arms.

3.4.2 Electro-thermal effect

To achieve the temperature required in the electrode (T0), a current is induced

creating the electro-thermal effect or Joule effect. An accurate power consumption

estimation (eq. 3.10) to achieve a πrad was presented in a variable optical attenuator

from [104] and then applied to polymer modulators in [45]. Power is estimated as:

P = κ
2λwe

γd
dn

dT

(3.10)

where κ is the polymer stack thermal conductivity, d is the polymer stack thickness and
dn

dT
already has been defined as the polymer thermo-optic coefficient, γ is the thermal

efficiency, and the heater width we = 5 µm. A typical thermal efficiency is around 0.4 to

0.5.

By using (3.10) we can infer that if we increases, the power to maintain a π

phase shift also increases. The best option is to choose the tiniest we possible without it

being difficult to align with the 3.8 µm wide polymer waveguide core. Around 5 µm.

A safe maximum current density of the gold path based on its electrical

conductivity is around 1 mA/µm2. For this purpose, and knowing that we = 5 µm, we can

make Lh = 1600 µm. With these parameters we performed a numerical simulation of the

Joule effect in our device by using Comsotl Multiphysics [100]. The results are depicted

in Figure 3.23. Note that to maintain a πrad phase, according to Fig. 3.22, T0 = 305K.

From that we need 0.074 A or P = 0.014 W.
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(a) Temperature of the Electrode (T0) as a function
of Current

(b) Temperature of the Electrode (T0) as a function
of Power

Figure 3.23: Numerical simulation results of the polymer modulator heater to maintain a
πphase between MZ arms.

Note that there is good agreement between the model in (3.10) and the numerical

simulation for the ∆φc required temperature which is 303 K, hence 0.068 A calculated

from Fig. 3.23, and 0.067 A approximated by the equation. The approximate model does

not consider the phase shift created by the temperature interference in the second MZ

arm.

3.4.3 Measurements

Let us apply the EO polymer MZ modulator bias circuits methodology to

the LX8901 modulator by BrPhotonics. This modulator has a heater electrode length

of 2000µm and a transversal area of 5.5µm × 5µm, a polymer stack of 5.9µm and the

distance between MZ arms remains 50µm throughout the whole length.

By performing the thermo-optic simulation to this geometry, we found out the

phase shift between the MZ arms (∆φc − ∆φi) in Figure 3.24. The electrode temperature

T0 for a phase shift of π is 301.39K, which implies a ∆T0 = 8.51K when compared to room

temperature.

After performing the electro-thermal simulation, we found that a current of

59.5mA is needed to achieve the desired electrode temperature shift as depicted in Fig.

3.25.

The setup used to perform the bias measurements is depicted in Figure 3.26.

Light input is given by a laser and read by a power meter, while DC current (I0) is

injected into the bias circuit through the heater pads. This bias current will case the phase

deviation between the MZ arms ∆φc − ∆φi as predicted by the simulation. We are also

predicting an slight phase mismatch attributed to a possible small difference between MZ

arms length which we are calling ∆φdev.
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system we calculated the electrooptic bandwidth and thus got an idea of the modulator’s

efficiency. Vπ was also calculated. Thermo-optic and electro-thermal simulations were

performed to improve the literature’s modeling of the power needed to feed a π rad bias

circuit, which resulted in a contribution to previous approximation equation.
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Chapter 4

Transmitter optical sub-assemblies:

Electrical Interconnects

This chapter presents a compact and wide-band RF path design as a part of

the hybrid platform transmitter optical sub-assembly for polymer electrooptic modulators.

As new standards become increasingly demanding, low loss, wide band and low

cost are even more important to enable RF interconnects. This chapter will be divided into

an introductory section which will show the design methodology for the RF interconnects,

section 4.2 will show some industry standards for various network applications, section

4.3 shows the development of our proposed electrical interconnects, section 4.4 shows a

system overview of all the single devices integrated on a block cascading platform, lastly,

section 4.5 shows the effects of the proposed RF interconnects on the TOSA electrooptical

response.

4.1 Design Methodology

Our contribution to the design methodology of RF interconnects for transmitter

optical sub-assemblies applied to long-haul data center interconnects, or even non-coherent

metropolitan networks is the inclusion of the Thin-Film Polymer on Silicon (TFPS) chip

analysis (previously discussed in Chapter 3) into the design flow as shown in Fig. 4.1.

The input blocks (orange) section are the general requirements for each of the

process blocks (purple). To determine the system requirements, we considered commercial

Thin-film polymer on silicon chip optical and RF paths, the general packaging industry

needs (previously discussed in the introductory chapter of this thesis) and high-performance,

wide-band RF interconnects state of the art of each device. The main system requirements

include: The practicability, fabrication capacity to finally produce series-production ready

devices, high performance, wide electrooptic band, low return loss. Numerical values for

these requirements are discussed in section 4.2.
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which then is operated to evaluate the system goals. Once all interconnecting devices are

considered, to exit the flux, the system requirements must be met.

To evaluate the system requirements (System Requirements met? block) we

must calculate the electrooptic band and the return loss of the whole system. This

includes the TFPS modulator transmission line analysis performed in chapter 3 physically

interconnected to the packaging transmission lines and connectors.

The following section will analyze some standards for transmitter optical sub-

assemblies which will be considered when evaluating the performance of the RF interconnect

system at the end of the chapter.

4.2 Industry standards for optical telecommunication

networks

As telecommunication traffic increases, new broad band technologies such as

100-Gbit/s Ethernet, which was standardized in 2010, became very common in telecommu-

nications setups around the world. Bandwidth requirements are listed in this document,

in order to address the following applications(extracted from [13]):

• Servers, high performance clusters, blade servers, storage area networks, network

attached storage.

• Switching, routing, aggregation in data centers, internet exchanges, service provider

peering points, high bandwidth applications such as video on demand and high

performance computing environments.

IEEE P802.3ba 100Gb/s requirements include operating at least for 40 km

on single mode fiber (SMF) with a bit error rate better than or equal to 10−12. Some

transmitter optical sub-assemblies (TOSA) that follow these regulation have been developed,

for instance in [107], they used electroabsorption modulators integrated with four-lane

distributed-feedback lasers (EADFB).

A recent amendment to the P802.3 standard is currently being discussed, to

achieve 200 to 400Gb/s Ethernet [108], IEEE P802.3bs. The objectives now include appro-

priate support for optical transport network over 2km or 10km of SMF. Key applications

of this new standard include: cloud-scale data centers, internet exchanges, co-location

services, wireless infrastructure, service provider and operator networks, and video dis-

tribution infrastructure. Transmitter and receiver requirements and optical modulation

amplitudes (OMA) according to P802.3bs are depicted in table 4.1.

There are efforts to find an interesting architecture to fulfill the P802.3bs as

the one shown in [109], with 8 × 28.125GBd DWDM PAM-4 signal transmission over

standard SMF in the 1550nm transmission window. They achieved a BER of 10−6 for
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Table 4.1: P802.3bs IEEE standard recommendations for 400Gbit/s over 2km and 10km
on SMF. [108]

Description 400GBASE-FR8 400GBASE-LR8 Unit
Reach 2 10 km

Transmitter
Signaling Rate per lane 26.6 26.6 GBd
Operating BER 2.0e-04 2.0e-4.
OMA, per lane (max) 5.5 5.7 dBm
OMA, per lane (min) 0 0.5 dBm
Transmitter and dispersion penalty 2.0 2.2 dB

Receiver
Signaling Rate, per lane 26.6 26.6 GBd
Receiver sensitivity per lane -10.0 -11.8 dBm
Receiver 3dB electrical upper cutoff
frequency, per lane (max)

21.0 21.0 GHz

Optical Margin
DeMux loss 3.0 3.0 dB
Cross-talk penalty 0.3 0.3 dB
Optical margin 3.7 1.9 dB
Receiver sensitivity, per lane, post-
DeMux

-13.3 -15.1 dBm

Receiver sensitivity, per lane (typical
measured)

-17 -17 dBm

each channel which is enough to transmit over even longer distances than 10km. This and

other advanced modulation techniques such as XQAM, together with signal processing

and coding are becoming very important to increase the channel capacity and reduce BER

significantly as shown in [110].

For metro networks traffic growth is usually driven by more demand of video

streaming and proliferation of cloud computing, mobile data delivery, social media and

more recently by machine-to-machine communication. In this scenario, the OIF has cited

the constraints and challenges for 400G WDM [14]. Two sub-channels of 200Gb/s or four

of 100Gb/s are proposed with a maximum transmission reach of ∼ 500 km and ∼ 2000 km,

respectively. A brazilian company, BrPhotonics, together with CPqD made an effort to

accomplish 200Gb/s in [39]. Using a TOSA with an EO bandwidth of 23 GHz, Vπ = 3.5 V

in differential mode, power dissipation of 2.5 W and narrow-line width TL (less than 100

kHz), using the TFPS modulator in [92] and comparing its performance with a commercial

LiNbO3 modulator. EO bandwidth penalty (about 11 GHz) was found because of the

TOSA carrier board necessary to interconnect the RF signal, forcing a compensation

filter in the DSP stage. This electrical bandwidth reduction, which clearly affects the EO

bandwidth, will be addressed in the following section to prepare this polymer-based TOSA

technology for 400Gb/s standards attendance.

Specific transmitter assemblies agreements for metro were made by the OIF
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for 100G technology. Table 4.2 resumes the opto-electronic properties recommendations

that we are going to meet in this chapter.

Table 4.2: OIF transmitter package implementations agreement from [44]. Optoelectronic
properties.

Parameter Unit Min. Typ. Max. Remarks
S21 EO Bandwidth (3dB) GHz 20 3% smoothed, reference fre-

quency at 1.5GHz
S11 Electrical Return Loss
f<25GHz dB 10
25<f<32GHz 8
Vπ PRBS V 2.5 Specified PRBS31 at 32GBd

and over DC bias control
range: -1.5 ... -15V

Vπ LF V 2.5 Measured at 1.5GHz
RF Impedance Ω 50
I/Q skew ps 4 For each polarization compo-

nent and for each tributary
Total skew ps 10

4.3 Electrical Interconnects

Wide electrical bandwidth and space effective RF interconnections are the

pillars of any electrical RF path inside a TOSA. Figures 4.2 and 4.3 show the high speed

electrical path of a TFPS modulator based transmitter optical subassembly. Zcon is the

equivalent impedance due to a GPPO™by Corning Gilbert Inc., multipin or any connector.

TLin is the ceramic transmission line to convert the modulator TL to the connector mode

or feeding transmission line. Zs1,s2 are impedances due to soldering or wire/ribbon bonding.

TLmod is the traveling wave electrode of the modulator already discussed in Chapter 3. The

electrical part of the transmitter ends with an impedance matching terminator (Zterminator)

interconnected by a TLout which is a tapered transmission line.

Materials such as ceramic and laminated gold can be used to reduce losses.

Interconnection with external electrical feed is done through connectors that allow for high

packaging integration. This aspects will be discussed in this section.

4.3.1 Materials

Thin Film gold over ceramic is a very common high speed RF platform on

behalf of its high dielectric constant and compatibility with soldering and wire bonding.
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tangent loss, finite electrical conductivity (tan δc) of metals affects directly the value of αc.

Furthermore, electroplated or sputtered gold have considerable roughness when working

in high frequencies.

Roughness effects in the conductivity are dependent on frequency according

to the first approach by Hammerstad and Bekkadal [115]. They define the corrected

attenuation constant as: α = froughαc + αd, where frough depends on the square root

roughness parameter Rq according to:

frough = 1 +
2

π
arctan

[

1.4
[

Rq

δs

]2
]

(4.1)

where skin depth (δs) is defined as δs =
√

1
πµσf

.

After finding frough, we can define the rough metal conductivity as [116]:

σrough =
σ

frough

(4.2)

where the bulk conductivity of gold σ = 4.1 × 107 S/m [117]. Measured root-mean square

height of electroplated gold goes from ∼ 7.2 nm to 14.9 nm according to [118] using

silicon wafer as substrate, and from 50 to 100 nm according to [119] using polymer or

ceramic as substrate. By using (4.2) and (4.1) we found a frequency dependent function

for σrough = 3.78 S/m at 65 GHz, which is going to be used in all simulations later on.

4.3.2 Wire bonding

Wire bonding effects in the electrical signal path are represented in Figure 4.3

as Zs1,s2.

Wire bonding process consists on melting the tip of a gold wire by heating

plate and microwaves to bond it to a preferably thick gold pad. As the gold wire passes its

melting temperature, the diameter thickens usually until doube its size [120,121]. Thus,

the bonding pad has to be at least two times the wire diameter and at least 1.5µm thick to

avoid material damaging and undesired contacts. In this section, a performance study by

FEM modeling of various wire bonding transitions using CST software [106] is presented.

To evaluate the effect of wire bonding, let us consider two sets of lossless 50 Ω generic

coplanar pads which are interconnected by 18 µm wires as shown in Figure 4.4(a). Most

manufacturers specify a minimum spacing between circuit edge and metalization. In

alumina/thin film it usually is 25.4 µm, while in Silicon substrate chips it is about 30 µm.

Thus, we will fix h = 60 µm and sweep d from a minimum of 40 µm to 150 µm, which

could encompass possible misalignment between chips. We found that higher distances d

prompt wire length to increase as well, which in turn makes the transition more inductive,

specially as frequency increases (see Fig. 4.4(b)). Another less forceful cause for wire

length increasing is h, its impact is depicted in Figure 4.4(c) for a fixed d = 68 µm. Good
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Figure 4.31: Return loss of Fig. 4.30 configuration.

Figure 4.32: Electrooptic response of the LX8242 chip compared to proposed RF feed plus
chip response.

The electrooptic band of the TFPS chip at the 0.5% of the max. reference level

for a 1GHz normalized response is 31.7 GHz. BrPhotonics internal reports provided the

measured electrooptic band of the TFPS chip to be 26 GHz. However, a de-embedding

process was performed considering the electrical response of the probe used to execute the

electrooptic measurements, reaching a band of 31 GHz, which is in good agreement with

the simulation.

When the ceramic RF feed is cascaded with the TFPS chip, the electrooptic
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band is 22.2 GHz. Overall, there is a loss of 9.5 GHz of band when interconnecting the

chip into the ceramic packaging.

4.6 Summary

An RF ceramic path for packaging applications for electrooptic polymer modu-

lators was presented. Return loss was kept well bellow the OIF recommendations for metro

and long-haul networks for both, single-ended and quadrature modulators with single

and differential signals, respectively. Furthermore, the electrooptic bandwidth with RF

packaging electric path fell only 9.5 GHz when compared with the chip-only simulation.
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Chapter 5

Optical Interconnects

Different optical technologies allow for different monomode waveguide dimen-

sions. Many passive devices have been demonstrated in this platform: rotators [71,72,132]

and splitters [73], crossings [133,134] and many others [74] that enable high throughput

optical interconnects for telecom applications.

Si

∼ 2 µm

∼ 2 µmSilica 0.45 µm
0.22 µm

(a) Silicon-on-insulator channel waveguide with
silica cladding.

Silicon

2.5 µmEO Polymer

1 µm
3.8 µm

(b) EO Polymer modulator waveguide

9µm

(c) Monomode silica fiber.

2 µm

0.4 µm

(d) High III-V semiconductors.

Figure 5.1: Typical core dimensions of the different technologies on a hybrid Transmitter
Optical Subassembly. Not to scale.
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spot size converter tapers in the Device Selection block. Afterwards, a theoretical study of

a linear taper is performed. By analyzing the linear taper size, we propose some device

requirements: all power must be transmitted from one platform to another, bidirectionally

(loss should only be perceived due to the material), the device size must be reduced, and

it must overcome loss due to lateral misalignment. Using notions from the coupled mode

theory (CMT in orange blocks), the fabrication constraints for TFPS and SOI platforms

and the possible hybrid platform interface and bonding technology, we propose non-linear

taper designs which can meet all requirements. Results are presented in the final section.

5.2 State of the Art for Optical Interconnects

Good quality for optical interconnects, for application in TOSA, is measured

in power efficiency, bandwidth of operation and mechanical stability. In this section, a

revision of interconnection technologies is presented. From active devices fabricated in

III-V platform, passive components in silicon-on-insulator, silica fiber and electrooptic

polymer modulator.

5.2.1 Lens Array

Ohyama et al. [107] proposed a TOSA with a Vpp of 1.5 V. They achieved an

error of about 10−13 at transmission distances of 40 km over single mode fiber (SMF). The

total size was 8.7 mm × 28.7 mm × 6.5 mm. It used an array of four electroabsorption

modulator integrated distributed feedback (EADFB) lasers to achieve 25 Gb/s per lane.

They used two sets of EADFB laser arrays in two chips, combined the light of two

lanes with 2 × 1 MMI couplers on chip and then combined the light of the two chips

with a polarization beam combiner (PBC). This setup requires sub-micron alignment

accuracy [135] which extends the TOSA assemble process as a result of high-power laser

for alignment purposes. The lenses coupling loss was designed to be in the order of −3 dB.

To avoid additional process in lens alignment, [136] proposes a passive approach

by using lens-integrated surface-emitting laser. They integrate monolithically a 45◦ total

reflection mirror and lens into a distributed feedback (DFB) laser. This model was

designed to achieve a coupling efficiency of −1.46 dB with no deviation. Nevertheless,

experimentally, −5 dB was achieved considering ±1.5 µm misalignment shift.

These approaches, while suitable for very compact transmitter optical sub-

assemblies, remain greatly affected by misalignment problems.

5.2.2 III-V to SOI

Vertical-cavity surface emitting-lasers (VCSEL) constitute a well-discussed

option for immediate integration with silicon-on-insulator platform, by fabricating silicon
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gratings [25] or by depending on very precise alignment [68].

Hybrid III-V/SOI lasers were also proposed [22, 23, 69]. They used the su-

permode approach, which consists of a system composed of an amplifying waveguide

(III-V) coupled with a passive interconnection waveguide (SOI) for effective inter-platform

integration.

Lastly, epitaxial growth [24, 25, 137, 138] of GaAs, InP or Ge on silicon was

used to overcome alignment problems if approached by another bonding technique. This

way very short interconnections were realized.

5.2.3 Fiber to SOI and vice versa

Grating couplers have demonstrated losses of 0.58 dB for half-width bands (−3

dB) up to 70nm in 1550nm [139]. Recently, new devices with complex geometries were

proposed to overcome the fiber positioning challenge by emitting in the vertical direction.

Tseng et al. [140] achieved −1.46 dB in the 1310nm window with about 20 nm within

the −3 dB band by using partially and perfectly reflecting mirrors at both ends of their

grating. In the 1550nm window, Liu et al. achieved a coupling efficiency of 28.5%, albeit

with a much planar response. 1dB mark is at 38nm for grating coupler that uses a tilted

membrane structure to couple light vertically [141].

Alternatively, spot-size converter tapers offer a more planar response over

wavelength than gratings. However, they may also involve the tradeoff of a significant

footprint. In [142] edge inverted-taper couplers ranging from 690 µm to 4370 µm in length

were presented. They measured 0.7 dB of coupling efficiency and simulated up to 0.2 dB.

Polymer to SOI and vice versa

Using polymer as an intermediate layer to interconnect fiber and SOI, Pu

et al. [143] proposed a compact taper of 300 µm. Losses of 0.36 dB and 0.66 dB were

demonstrated for TM and TE, respectively. To achieve such results, they employed

to thermal oxidation of silicon oxide on top of the silicon taper. After oxidation, they

estimated a tapered tip of approximately 12 nm which requires fine control over the

fabrication process.

Considering fabrication limitations, in [27], Soganci et al. proposed tapers with

75 nm tips, which can be achieved by any commercial foundry. They presented losses of 1

dB in a length of 700µm. The effect caused by lateral misalignment of 2µm was ∼ 0.6 dB

for TE and ∼ 0.3 dB for TM.
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5.3 EO polymer modulator and SOI interface

At chip level, MZ EO polymer modulators already described in Chapter 3 have

electro-optic bandwidths beyond 100 GHz [144,145]. Complex modulation formats were

already demonstrated [41,146] to achieve even higher speeds. Additionally, EO polymer

modulators work with transverse magnetic (TM) polarized light for good optical/electrical

mode overlap (see gold electrodes and inverted rib in Fig. 5.3), which prompts the

use of optical passive circuitry and creates a hybrid integrated device scenario in which

optical intra-chip interconnection losses are relevant for the general performance of the

transmission system [41,68].

Previous efforts using passive polymer chip interconnects include butt coupling

[147, 148]. Silicon-on-insulator devices have been widely known and are the best for

efficiency, integration, bandwidths around 80 nm and rotation losses up to −0.5 dB

[28,72,149].

Silicon

hgoldGold

huvUV15LV

hapc
B74-
APC

hlpLP33ND

LM hlm

hc wc

he

we

Gold

Figure 5.3: Cross section of the active region of the polymer Mach-Zehnder modulator [45].
Gold trace is at the top of the polymer layers and velocity matching material (LM) is also
shown.

In this section we propose a taper based on mode coupling theory to interconnect

polymer on silicon and silicon-on-insulator chips. This proposal is based in the distance

between the polymer core trench and the polymer cladding, hapc (see Fig. 5.3). Hybrid

chip disposition inside a package is suggested in Fig. 5.4; for better clarity we divided the

packaging disposition into five stages:

• SOI platform is the silicon-on-insulator platform where passive circuitry can be

located.

• Transition is the proposed flip-chip interconnection between SOI platform and the

electrooptic polymer chip.
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Figure 5.7: Second unperturbed problem geometry: Silicon waveguide with polymer
cladding.

Let us define the second unperturbed problem as the silicon waveguide with

the polymer trench removed as shown in Figure 5.7. When making hsi = 0.22 µm and

wsi = 0.45 µm, which are the standard monomode propagation dimensions for SOI, we

get neff,si = 1.867 and loss 0.82 dB/cm. Since the solutions of both isolated waveguides

are distant from each other, let us solve the problem for varying values of SOI waveguide

width wsi while wc =3.8 µm. The results are shown in Figure 5.8. Isolated waveguide

solutions are matched for wsi =0.19 µm and 0.22 µm for TE and TM modes, respectively.

Following the coupled mode theory methodology, both solutions must travel

in the same direction, when brought into proximity one waveguide must be affected very

little by the other (falling into a quasi-orthogonal regime), while their coupling coefficient

should be inversely proportional to he total coupling length [153].

Lastly, the perturbed problem is shown in Figure 5.9 which is the geometry of

interest. As both waveguides are into proximity, let us consider one supermode in Fig. 5.10

for the quasi-TM polarization. Note that wsi = 0.23µm was chosen to fulfill the ∆neff = 0

condition. The supermode with neff = 1.6531 can be identified as antisymmetric, given

that is slightly less than neff,p. The behavior in Fig. 5.10 favors the approximated

orthogonality relationship between waveguides. This approximation together with the fact

that the difference between effective refractive indexes approaches zero justifies that these

waveguides are capable of interchanging energy over a specific propagation length.

5.5 Optimized Silicon Taper

Typical length for achieving a π phase between the two arms of a MZ polymer

modulator is around Lπ = 5 mm and up [45], which results in relatively big footprint.

Hence, it is important to reduce the taper length (see Fig. 5.5) for integration purposes and

also to deal with the intrinsic material losses. With this goal in mind, complex geometry
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Figure 5.12: Normalized Output power as a function of the linear variation of the taper
length in micrometers. Presence of 1 µm gold thin film is evaluated by varying polymer
waveguide height (hc) and distance to the core d1.

−1.948dB. Note that both segments initial and final widths are in the vicinity of ∆n ≈ 0

calculated in Figure 5.8 for the TM mode. Segments 3 and 6 from Fig. 5.15, although

not as predominant as segments 4 and 5, could potentially aid to the curve smoothness.

Segments 7 and forward have a periodic behavior around the initial point (2 µm), which

led us to minimize these segments’ length as much as possible without compromising the

taper smoothness to avoid backscattering.

First local maximums values listed in Table 5.1 will be considered to build

minimum length possible non-linear tapers to avoid further loss caused by polymer

materials.

From the linear taper offset analysis (see Fig. 5.13) we can see that length is a

determining factor not only for coupling efficiency but also for alignment robustness. In

this regard, we decided to build two non-linear tapers as detailed in Table 5.2 and evaluate

their behavior when submitted to alignment shift. Although segment 5 influence in the

transmitted power is not as significant as segment 4. Taper 1 uses the local maximum

length of segments 3, 4, 5 and 6 to fabricate a device that is 179.5µm long. For Taper 2

we chose an smoother approach by using the local maximum values of segments 1 and 2,

which are 54µm each.

As seen in Figure 5.16, at a wavelength of 1550 nm, we got a decay of 0.3 dB

from no misalignment to 1.8 µm. Taper 2 is a 277.5 µm long device, and it offers an

almost planar response, albeit its maximum (−0.23 dB) does not reach Taper 1’s. From

an alignment shift of 1.5 µm and up, there is a trade-off between maximum power and

misalignment robustness that can be considered when working with different alignment
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Figure 5.13: Normalized output power as a function of the linear variation of the taper
length in micrometers. Silicon taper offset along the x axis from 1 µm to 1.8 µm is
considered. TM mode.

wsi,f wsi,i

S1S2S3S4S5S6S7S8S9S10

x

z

Figure 5.14: Sectioning of the silicon taper over a polymer slab.

techniques. In comparison, linear tapers with the same length as Tapers 1 and 2 offer

maximum transmitted power of −1.7dB and −1dB, respectively. Also, they are much

more sensitive to misalignment.

Closing in the ends of the C-band, let us define λ1 = 1520 nm and λ2 = 1570

nm. Fig. 5.17 shows that Taper 2 has a more robust response to lateral misalignment shift,

especially towards 1570 nm. At 1520 nm, Taper 1 goes from −0.13 dB to −0.64 dB, while

Taper 2 goes from −0.19 dB to −0.54 dB. Overall, if a proper alignment is guaranteed up

to 1 µm, then Taper 1 should suffice to get an insertion loss better than −0.33 dB in the

whole band. However, if the alignment shift is greater than 1 µm, then Taper 2 is enough

to get a transmission better than −0.54 dB in the C-band.

Figure 5.18 shows a comparison between linear and non-linear tapers with no

misalignment. Left end is the SOI waveguide with wsi,f = 0.45 µm and the right end
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Figure 5.16: Alignment shift effect comparison between linear and non-linear silicon tapers.

(a) Taper 1

(b) Taper 2

Figure 5.17: Alignment shift effect due to wavelength in the C-band. Taper 1 is 179.5µm
long and Taper 2 is 277.5µm long.

taper. The coupled mode theory approach for spot size converter tapers is compact, robust

and its low loss has the potential to make it ideal for packaging applications.
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Chapter 6

Conclusion

In this thesis, a methodology for designing transmitter optical sub-assemblies

packaging was presented. This methodology consists in designing the RF and optical

sub-assemblies together with the TFPS chip as active parts that interchange information

between them to improve the electrooptical characteristics of the whole system. For

this purpose, the work was divided into five chapters. Chapter 1 presents the general

introduction to the work. Chapter 2 is a brief revision of general concepts that was further

developed and applied in the following chapters.

Chapter 3 analyses the basic design of an TFPS modulator with the intention

of proposing RF and optical interconnects to fabricate transmitter optical sub-assemblies.

For this purpose each element of the electrical path was analyzed and considered as a

conforming block of the packaging system design. Electrooptic response and Vπ were also

calculated.

In chapter 4 a wide band RF interconnection for a TFPS modulator was

proposed. Return loss of the whole system, including chip plus ceramic electrical path,

was kept well bellow OIF recommendations, while the electrooptic response resulted in a

band of 22.2 GHz.

In chapter 5 an optimized multi-platform interconnection taper was proposed

for coupling light between a MZ polymer modulator waveguide to a silicon-on-insulator

platform. We achieved transmissions of −0.13 dB and −0.23 dB from 179.5 µm and 277.5

µm long tapers, respectively.

This thesis also encompasses the following contributions in the electrooptic

packaging field design:

• A per-device electromagnetic simulation of two kinds of TFPS electrooptical mod-

ulator interconnected with high speed ceramic based RF path for feeding and

termination.

• Electro-thermal and electromagnetic simulation of heaters on a TFPS electrooptical
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modulator considering temperature interference between the two arms of the Mach-

Zehnder.

• A compact and high performance spot size converter to interconnect light from a

TFPS platform to a silicon-on-insulator platform in the context of a high performance

hybrid transmitter optical subassembly system.
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and

CAB =
ω

2

∫ ∫

sA

(ε2 − ε1)
(−→

E A ·
−→
E ∗

B

)

ds

CBA =
ω

2

∫ ∫

sB

(ε3 − ε1)
(−→

E B ·
−→
E ∗

A

)

ds

are the coupling coefficients, defined as the integrations over the region of waveguides A

and B, respectively. The two solutions for this set of equations start by assuming that

aA,B have wave behavior of the form a0
A,Be−jγA,Bz, where γA,B are the new unknown and

a0
A,B is constant. When going back to (6.1), we find that the algebraic equation system:

a0
A =

CBA

γA

ej(∆k+γA−γB)za0
B

a0
B =

CAB

γB

ej(∆k+γB−γA)za0
A

(6.2)

For (6.2) to be true for all z, γB = ∆k + γA, thus

γA = −
∆k

2
±

√

√

√

√

(

∆k

2

)2

+ CABCBA

γB =
∆k

2
±

√

√

√

√

(

∆k

2

)2

+ CABCBA

Defining S =

√

√

√

√

(

∆k

2

)2

+ CABCBA we can write the solution for equation system (6.1) as:

aA (z) = ej(∆k/2)z
(

A1e
jSz + A2e

−jSz
)

(6.3)

where we can determine the constants A1 and A2 by imposing boundary conditions along

z. If we excite waveguide B mode and intend to transfer that power to waveguide A; at

z = 0, all the system’s energy is in mode B, from eq. 6.3 we got A2 = −A1 and we can

simplify aA(z) = 2jA1e
j(∆k/2)zsin(Sz). To obtain aB(z) let us replace aA(z) value into

equation 6.1.

aB (z) =
2jA1

CBA

e−j(∆k/2)z

[

−
∆k

2
sin (Sz) + jScos (Sz)

]

In terms of power, let us define P0 as the input power in waveguide B at z = 0, then the

power in each waveguide is a sinusoidal function of z as shown in (6.4).

PA (z) = |aA (z)|2 = P0
|CBA|2

S2
sin2 (Sz)

PB (z) = |aB (z)|2 = P0





(

∆k

2S

)2

sin2 (Sz) + cos2 (Sz)





(6.4)
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When A and B waveguides are identical, as seen in Figure 6.1, they fall into the phase

matched condition (∆k = 0), and we can simplify the solution by making

CAB = CBA = C and thus the power in the two waveguides interchanges according to

(6.5). When there is P0 in one waveguide, there is 0 power in the other at a π phase

distance called Lcoup = π
2C

.

PA(z) = P0 sin2(Cz)

PB(z) = P0 cos2(Cz)
(6.5)

When both waveguides are different (∆k 6= 0) the maximum power transferred to the

other guide happens when Sz = π/2 and is not P0 as it was with the phase matched

condition. It is actually inversely proportional to ∆k:

max
(

PA

P0

)

=
|CBA|2

CABCBA + ∆k2/4
(6.6)

Assuming that A and B waveguides from Figure 6.1 are identical, but considering now an

infinite perfect electric conductor plane (YZ) at a distance dC from waveguide A, when dC

is small enough to interfere with the evanescent field region of waveguide A, we no longer

hold ∆k = 0, but if we consider (6.6), we can conclude that good power transfer will

require

|∆k| < 2
√

CABCBA.

If A and B are further apart, CAB,BA will be small and thus coupling will be achieved if

we strongly approach the phase matched condition, but if the waveguides are close

together, it gives us a wider range for kAz and kzB.
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